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ABSTRACT: Developing a nanoscale, integrable, and electri-
cally pumped single mode light source is an essential step
toward on-chip optical information technologies and sensors.
Here, we demonstrate nanocavity enhanced electrolumines-
cence in van der Waals heterostructures (vdWhs) at room
temperature. The vertically assembled light-emitting device
uses graphene/boron nitride as top and bottom tunneling
contacts and monolayer WSe, as an active light emitter. By
integrating a photonic crystal cavity on top of the vdWh, we
observe the electroluminescence is locally enhanced (>4 times)
by the nanocavity. The emission at the cavity resonance is single
mode and highly linearly polarized (84%) along the cavity

an cavity

Intensity (a.u)

off cavity

720

Wavelength (nm)’ o0

mode. By applying voltage pulses, we demonstrate direct modulation of this single mode electroluminescence at a speed of
~1 MHz, which is faster than most of the planar optoelectronics based on transition metal chalcogenides (TMDCs). Our work
shows that cavity integrated vdWhs present a promising nanoscale optoelectronic platform.
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nanoscale single-mode light-emitting diode (LED) is a
key element for the next generation of integrated nano-
photonics." Over the past two decades, there have been tre-
mendous efforts toward realizing compact, efficient, scalable,
and electrically driven light emitters, which can be integrated
with other active or passive elements on a chip and can function
at room temperature.”” Thus far, diverse optoelectronic
materials, ranging from bulk III-V and Ge to low-dimensional
nanomaterials, such as quantum wells, dots, or nanowires, have
been extensively explored and applied as the photonic sources
with different functionalities.”~® However, the efficiency, cost of
integration, and modulation speed is still far from the desired
performance, and new materials need to be explored. Atom-
ically thin monolayer transition metal dichalcogenides (TMDCs)
are a new class of materials with strong light-matter interaction
and can be easily transferred to any substrate without needing
explicit lattice matching,” emerging as a promising material
system for integrated photonic applications.”””

The initial investigations of electronic properties and
excitonic effects of 2D TMDCs have opened up the develop-
ment of atomically thin electrically driven light emitters, based
on the simple transistors or lateral p—n junctions.lo_16 Con-
tinued efforts further demonstrated that different 2D materials
can be vertically assembled into vdWhs,"” leading to more
efficient and larger area of light emission.”"*™*° On the other
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hand, the emission from the TMDCs can be further enhanced
by using a nanocavity, due to spatial and spectral confinement
of light. Initial experiments with cavity integrated TMDCs have
shown operation of strongly coupled exciton—polaritons at
and optically pumped nanolasers.” >’
Despite the aforementioned progress, it remains challenging to
electrically control a 2D light emitter integrated with photonic
cavities. Because a single mode light-emitting device is sufficient
for many on-chip photonic applications,6’26 developing a mono-
layer LED integrated with nanocavity will be important and
desirable for practical applications. In this paper, we demon-
strate such a device based on the integration of a light emitter
formed by vdWh tunneling diode with a photonic crystal
nanocavity. We observe cavity-enhanced electroluminescence
with high degree of linear polarization along the cavity mode at
room temperature. We further demonstrate the electrical mod-
ulation of the resulting single mode light-emitting device at a
speed of ~1 MHz.

Figures la—c shows the optical image and schematic of the
light-emitting device. The heterostructure is composed of a
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Figure 2. Polarization resolved electroluminescence. (a) Measured
on-cavity EL as a function of polarization detection angle. The bias
voltage is 1.8 V. (b) Normalized cavity-enhanced peak intensity (blue
dots) and exciton peak intensity (red dots) as a function of polariza-
tion detection angle.
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Figure 1. Device and signature of cavity coupled EL. (a) Optical
microscope images of the light-emitting van der Waals hetero-
structures and (b) its integration with a photonic crystal cavity. Scale
bar: § um. (c) Schematic of the EL measurement setup and device
architecture. (d) I—V characteristics of the light-emitting hetero-
structure. Inset: Scanning electron microscopy image of the photonic
crystal cavity. (e) EL measured from (blue dots) and away (red dots)
from the cavity area with V}, = 2 V.

monolayer tungsten diselenide (WSe,) sandwiched by two tun-
neling contacts formed by graphene/mono or bilayer hexagonal
boron nitride (hBN). The WSe, is chosen as the active light-
emitting layer since its emission efficiency is stronger at
room temperature compared to the low temperature because
WSe, has dark exciton states below bright exciton.””*” After
assembling this 2D heterostructure, a photonic crystal slab
made of gallium phosphide (Figure 1d, inset) was precisely
aligned and transferred onto the light-emitting WSe, area as
shown in Figure 1b (see Supporting Information for device
fabrication).

By applying the bias voltage across two graphene layers,
electrons and holes tunnel from the top and bottom graphene
layers into WSe,, leading to I-V characteristics in Figure 1d.
The injected electrons and holes stay in the WSe, for a finite
time and form excitons, which then radiatively recombine and
give rise to electroluminescence (EL). To identify the effect of
photonic crystal cavity on EL, a confocal pinhole was setup in
the light collection path (Figure 1c) to spatially resolve the EL
spectrum from and off-cavity (Figure le). The EL collected

from the off-cavity area (red dots) shows a single peak. The EL
collected from cavity (blue dots), however, shows an additional
narrow peak centered ~759 nm, suggesting the in-plane elec-
tric dipoles in WSe, can be coupled into the TE mode of the
photonic cavity, and more importantly the cavity can enhance
the spontaneous emission rate of WSe, via Purcell effect.”**’
To further confirm that the peak at ~759 nm originated from
cavity-enhanced EL, we added a linear polarizer in the light
collection path to examine the EL polarization at different
detection angles (0). We have identified that the y-polarized
emission from the bare photonic crystal cavity mode is along @ =
40°. As exhibited in Figure 2a, the EL collected spatially from
the cavity area, but spectrally detuned from the 759 nm cavity
mode, is polarization insensitive. This is distinct from the highly
polarized EL at the cavity resonance. More quantitatively, we
plot the normalized EL intensity (I), extracted from the exciton
peak (738.7 nm) and cavity peak (759 nm), as a function of €
(Figure 2b). The results show that the only EL at 759 nm is
linearly polarized along the cavity mode with a degree of

polarization p = 84%, quantified by the formula p = ;:z:—;::

These polarization resolved measurements evidently confirm
the cavity mode is coupled to the 2D-exciton EL, can control
the polarization of light emission, and implies a single mode
operation of the LED.

After confirming the cavity coupling with the 2D exciton, we
measure the cavity-enhanced EL and the spectral line shape as a
function of the bias voltage. Figure 3a presents the EL at four
selected bias, detected along and orthogonal to the cavity
mode polarization, under different bias voltages (see Supporting
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Figure 3. Bias dependent electroluminescence. (a) The cross-polarized EL spectra from the photonic crystal cavity at selected bias voltages. From
top to bottom: 2, 2.2, 2.4, and 2.6 V. The blue and red spectra are measured along (y-polarized) and orthogonal (x-polarized) to the cavity mode,
respectively. (b—d) The EL intensity plot as a function of applied bias and emission energy. EL measured (b) orthogonal and (c) along the cavity
mode polarization, whose difference shows (d) cavity-enhanced EL. (e) Peak energy of the exciton (red dots) and cavity-enhanced (blue dots) EL
versus the bias voltage. (f) Intensity of the exciton (red dots) and cavity-enhanced (blue dots) peaks versus the bias voltage.

Information for all bias-dependent spectra). The evolution of
these cross-polarized spectra are also compared in the bias-
dependent EL intensity plots (Figure 3b,c). Evidently, these plots
again reveal that the cavity selectively enhances the spon-
taneous emission polarized along the cavity mode polarization,
whereas the orthogonally polarized EL is the WSe, exciton
emission decoupled from the cavity mode. Hence, the cavity-
enhanced EL can be obtained by subtracting the co- and cross-
polarized EL spectra from each other, as shown in Figure 3d.
The full width at half-maximum (fwhm) of cavity peak is of
about 10 nm at V}, = 1.8 V and increases as bias (see Supporting
Information). This line width is broader than the pristine
cavity and is consistent with the finite difference time domain
(FDTD) simulations, which suggests that the cavity Q-factor
degrades when the previously floating photonic crystal is
transferred onto the SiO,.

To gain further insight, we extract the peak energy posi-
tion of the cavity-decoupled (Figure 3b) and cavity-coupled
(Figure 3c) EL spectra and plot them in Figure 3e. Notably, as
the bias voltage increases, the peak position of cavity-decoupled
EL is red-shifted by about ~33 meV, corresponding to the trion
binding energy for WSe,. This implies the EL changes from
neutral to charged exciton emission as bias increases.” For the
cavity-coupled peak, the shift is relatively small (less than 2 meV),
because it is fixed by the cavity mode, and exhibits a distinct

turnover from the blue to red shift near V}, = 2.4 V (Figure 3e,
blue dots). These signatures suggest the photonic crystal cav-
ity is subjected to the free carrier and joule heating effects,
leading to slightly blue and red shifts, as widely reported in
literature.”** In addition to the peak energy, the amplitudes of
cavity-decoupled and cavity-coupled peaks versus bias voltages
are also extracted from Figure 3b,c, respectively. As plotted in
Figure 3f, when applying the higher bias voltage, the cavity-
coupled peak increases rapidly. This is likely due to that the
weight of EL shifts to trion states as bias increases, whose
energy is nearly resonant with the cavity mode. The EL peak
amplitude can be enhanced by more than 4 times compared
with the cavity-decoupled peak. Given the cavity quality factor

3
(~100) and the mode volume of this device ( ~ 0.7(%) ), we

expect that the enhancement can reach 10, which is larger
than what we measure. However, we note that the real peak
enhancement ratio can be higher because the confocal pinhole
detection might collect part of the EL from the vicinity of
photonic crystal cavity.

In addition to the polarization analysis, we perform the
spatially resolved EL to verify the cavity enhancement effect.
Figure 4a presents a 2D map of integrated EL with the device
biased at 2.7 V. The map shows the stronger emission in the
center of cavity region. To further separate cavity-enhanced EL,
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Figure 4. Spatially resolved cavity-enhanced electroluminescence. The
2D map of the integrated EL (a) without and (b) with polarization
distinction showing only cavity-enhanced EL within a spectral window
from 710 to 785 nm at a bias voltage of 2.7 V. The black and brown
dashed lines indicate the area of photonic crystal and WSe,
respectively. (c) Simulated electric field mode profile of the L3 type
photonic crystal cavity.

we again measure the cross-polarized (6 = 40° and 6 = 130°)
EL spectra over the entire device. The difference of integrated
EL map with orthogonal polarization was then calculated and
plotted in Figure 4b. Evidently, the map shows that the cavity
mode profile is spatially localized, and therefore the spon-
taneous emission is enhanced within heterostructure below the
photonic crystal cavity. The results agree with the electric field
distribution simulated by FDTD shown in Figure 4c and, more
importantly, highlight that our device configuration can be a
teasible platform to hybridize an electrically pumped emitter,
based on TMDCs, with the photonic crystal nanocavities.
Finally, we probe direct electrical modulation of the light-
emitting device. Figure Sa depicts the measurement setup.
Voltage pulses generated from a function generator modulate
the EL from the device, which is detected by an avalanche
photodiode (APD). The electrical signals generated from APD
and function generator were then sent to a time-correlated
single photon counter, which measured the delay between
photon arrival times to the APD and the applied voltage pulses.
On the basis of this time-resolved measurement, the transient
rise as well as decay of EL upon turning on and off the voltage
pulses were resolved in Figure Sb,c. By extracting the time
intervals between 10—90% (90—10%) of the maximum EL
intensity, the rise and fall times are estimated to be ~320 and
~509 ns, implying the operational cutoft speed of the device
~1 MHz (Figure 5d). Moreover, by varying the amplitude of
input voltage pulses, the EL on/off ratio of the device can be
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Figure 5. Direct electrical modulation of electroluminescence.
(a) Schematic of EL modulation and time-resolved measurement.
APD: avalanche photodiode. TCSPC: Time-correlated single photon
counter. FG: Function generator. (b,c) Characterization the device
response time. (b) Rise time and (c) decay time, when electrically
turning on and off the light emitter, respectively. (d) Demonstration of
1 MHz electrical switch of the light emitter. (e) EL modulation at
300 kHz with the amplitude of voltage pulses at 2.4 (black) and 2.8 V
(red) respectively.

increased while keeping the same rise/fall time and EL intensity
during the off-pulse section (Figure Se). Such direct modula-
tion of the EL is a prerequisite for many integrated photonic
applications related to optical interconnects.” Additionally,
such modulated light source will find applications in miniature
optical sensors or display, where ultrahigh speed is not an
absolute necessity. We emphasize that the operation speed of
our device is much faster than most of the planar LEDs or
photodetectors based on TMDCs,”** because the injection of
carriers relies on ultrafast tunneling (~ps)®” without suffering
from low mobility in TMDCs or Schottky junctions near the
metal contacts. We note the current 1 MHz is limited by the
RC time constant (see Supporting Information) and therefore
reducing the parasitic capacitance and improving device archi-
tecture have the potential to further enhance the operation
speed to approximately gigahertz at room temperature, ulti-
mately limited by the radiative recombination time (~ns).”’
In summary, we demonstrated a viable route for integrating a
photonic crystal cavity with an electrically driven light emitter
based on vdWhs. The resulting light-emitting devices can be
readily operated at room temperature with fast modulation
speed. With this framework, the photonic sources with different
operational wavelengths can also be achieved by replacing WSe,
with other 2D optoelectronic materials.” Furthermore, we
estimate our present light emitter has quantum efficiency below
0.2% (see Supporting Information). We anticipate improving
the quantum efficiency of light emitter, for example, chemical
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treatments,”**” and using high-Q cavity will further increase the

cavity enhancement and possibly lead to electrically pumped
lasing behavior.
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